Introduction
Osteoarthritis (OA) is a pathology of the articular joint affecting up to one-third of the population older than 50 years and, owing to the current lack of effective treatments, its prevalence and social burden is predicted to increase with the ageing population worldwide [1] . This lack of progress in the development of effective cures for OA is largely due to the difficulty in diagnosing early cartilage lesions. The mouse model of OA is currently widely regarded as the most promising tool in OA research for its amenability to genetic modifications, which are crucial for the identification of new therapeutic targets and diagnostic biomarkers [2, 3] . However, the potential of the mouse model of OA is currently limited by its poor throughput, largely dependent on the extremely time-consuming histopathology assessment of the articular cartilage (AC). Besides the time and costs involved, the histology-based approach is by definition destructive and prone to artefacts or losses owing to poor morphology and/or orientation. Moreover, conventional histology does not allow the sample structure to be reconstructed and visualized in three dimensions, and neither simultaneous, multiple views (e.g. coronal and sagittal and cross-sectional) of the sample nor three-dimension-based quantitative measurements such as tissue volume, thickness and surface are possible.
Therefore, non-invasive, high-throughput, quantitative techniques to evaluate murine AC are a major current need in OA research and are expected to greatly advance the field.
Recent progress in high-resolution micro-computed tomography (micro-CT) imaging combined with ionic partition equilibrium contrast agents, either cationic [4] or anionic [5] , promises to provide useful functional information about pathological changes in the cartilage of small rodent models of OA. However, the structural information provided is often affected by the tissue composition (owing to differential binding of these contrast agents to healthy versus diseased cartilage). More crucially, these techniques are mostly limited to ex vivo applications owing to the variability of the uptake of different contrast agents in vivo.
Therefore, contrast agent-free, phase-based X-ray methods might offer an attractive solution. Such methods have been used on cartilage before, often on thicker human cartilage samples [6] [7] [8] .
There is also an example of this approach in vivo on medium-sized laboratory rodents (guinea pig) which showed excellent results [9] , but the main problem is that these studies typically require access to synchrotron facilities, which does not allow a widespread use of the technology in laboratories worldwide. Currently, a few research laboratories have attempted to translate crystal methods into use with laboratory sources. Muehlenman et al. [10] were able to visualize correctly human cartilage using a conventional X-ray tube and a set-up that included a double-silicon crystal monochromator and a silicon crystal analyser positioned between the imaged object and the detector. However, this requires the selection of only one narrowly defined X-ray wavelength, thus severely penalizing the flux available from a conventional source. Alternatively, grating interferometry has been used in combination with conventional laboratory sources to image bone and cartilage [11] . Stutman et al. [12] also showed the possibility of imaging porcine cartilage in water; however, this was only possible on the third Talbot order. In grating interferometry, increasing the Talbot order (and hence the distance between phase and analyser grating) increases the method's sensitivity, but also the coherence requirements imposed on the radiation source.
Additional disadvantages of this approach are flux limitations caused by the necessity of using a 'source' grating, increased dose owing to the post-sample gratings (which are built on relatively thick silicon substrates) and highly demanding alignment requirements. A 'single grating' version also exists, in which images are then analysed by means of Fourier methods; however, this was reported to affect spatial resolution and possibly sensitivity [13] . Another option is provided by free-space propagation approaches, which however require the use of either synchrotron or microfocal X-ray sources [14] , owing to the stringent demands this approach imposes in terms of spatial coherence. In this area, a promising study demonstrated that murine cartilage can be imaged in a mouse model of rheumatoid arthritis, achieving qualitative diagnostic information similar to conventional histology [15] . However, the necessity of using a microfocal source translates into very long acquisition times, owing to the low emitted flux.
A further alternative approach, derived from the 'edge illumination' concept developed at Elettra (the synchrotron facility in Trieste, Italy) in the late 1990s [16] , was used to extract phase-contrast information for some of the data presented in this study; synchrotron-and laboratory-based implementations of this method are reviewed in [17] . It is based on subdividing the radiation beam in one or more individual 'beamlets', each one of which, instead of illuminating the full pixel area, hits only its edge. If only the edge of the pixel is illuminated by radiation, with the beam straddling sensitive and insensitive regions, then it is very easy for a photon refracted by the sample to 'change its status' from detected to undetected (if initially it hit the pixel, and is then deviated outside it by the interaction with the sample), and vice versa.
Typically, in a synchrotron set-up, the beam is vertically very narrow, and only one row of pixels is used, with the single 'laminar' beam hitting the top or bottom edge of this pixel row. The method, however, is easily adapted to a plurality of detector lines by means of masks. The first mask, placed immediately before the sample, creates a plurality of individual beams, spaced at the same pitch as the detector pixels. Because, unless very specialized detectors are used, an insensitive region is not available in a two-dimensional detector, this is created by means of a second mask placed in contact with the detector, with the pitch also matching that of the pixel. In this way, the 'edge illumination' condition described above is repeated for every single line of pixels in a two-dimension detector. This technique, termed coded-aperture X-ray phasecontrast imaging (CAXPCi) [18] , was demonstrated to provide intense phase signals with fully polychromatic beams and an uncollimated, unapertured source size of up to 100 µm [19] . Because of the much simplified set-up compared with other methods, the method is easily scalable and leads to exposure time reductions [20] .
We have recently shown that CAXPCi can be used to successfully visualize the AC in rat knee, and we have demonstrated that small artificial lesions applied with a surgical scalpel can also be detected when the tissue is imaged in water [21] . Importantly, we have been able to use automated image analysis to quantitatively assess cartilage thickness in the projection images obtained, owing to the high contrast achieved. However, our current laboratory set-up has a maximum spatial resolution of approximately 20 µm, which, while sufficient for the imaging of rat cartilage, is not sufficient to resolve the details of mouse AC.
We are therefore interested in expanding the method, especially in terms of resolution, to be able to effectively image thin mouse AC (30-100 µm thick). Prior to that, we wanted to explore the potential that X-ray phase-contrast imaging has to correctly visualize such thin cartilage layers. This would provide both confirmation of the feasibility and important indications for the requirements that future developments of the laboratory-based CAXPCi system should fulfil. For these purposes, we decided to use analyser-based [6] [7] [8] [9] [10] synchrotron phase-contrast micro-CT (synXPC in the following), which is based on the introduction of an analyser crystal between the sample and the detector. The narrow reflectivity curve of the crystal is used to analyse the faint deviations in the X-ray direction (refraction) resulting from phase variations in the sample. This method was chosen because of its very high sensitivity to faint phase changes [22] , and because of the strong similarities between its operating principles and those of CAXPCi: these were originally observed when the latter method was first introduced [16] , and were formally demonstrated more recently [23] . For the validation of the correctness of the visualization of cartilage in two dimensions and three dimensions, we used conventional histomorphometry and contrast-enhanced micro-CT, respectively. By means of these methods, we were able to show that synXPC micro-CT was capable of imaging correctly intact, artificially damaged (dents) and diseased (from a mouse model of OA) AC on the mouse tibial epiphysis. These results give a preliminary indication that an extension of the laboratory-based CAXPCi method could enable cartilage studies in the mouse model of OA, should it be possible to achieve similar levels of resolution through the development of an upgraded system, with the ultimate goal of developing a method enabling unstained in vivo scanning of mouse cartilage.
Methods (a) Biological samples
Mice were maintained and studied in compliance with UK Home Office regulations. Tibiofemoral joints were explanted from healthy naive adult (12 weeks old) mice (C57BL/6), fixed in 10% buffered formalin for 24 h and then stored in 70% ethanol. OA was induced in three mice by destabilization of medial meniscus (DMM) surgery on the right knee, whereas the left leg was used as the non-operated contralateral (CTRL) following procedures reported previously [24] . Mice were sacrificed four weeks post-surgery. Before imaging, samples were rehydrated in saline solution for at least 2 h and the joint was carefully disarticulated to expose the articular surface of the tibia without adjacent soft tissues (e.g. menisci, ligaments and opposing femur surface).
(b) Image acquisition
For the CAXPCi experiment, rat tibias were cut longitudinally in sections (1-3 mm thick) to achieve clearer two-dimensional image projections. When this experiment was performed, CAXPCi CT had not yet been developed, hence we opted for a solution which would represent the only approximation achievable with the available system. While we acknowledge this might not provide an exact correspondence with the image quality which would be provided by means of CAXPCi CT, we aimed at achieving some proof-of-concept, preliminary results which would demonstrate sufficient levels of sensitivity, thus encouraging further developments. The set-up of this CAXPCi has been described previously [21] .
In the synXPC experiment, as mentioned above, the analyser-based imaging method was employed. This makes use of Bragg diffraction from a perfect crystal positioned between the sample and the detector. The crystal reflects the beam onto the detector with an intensity that depends on the angle with which the beam impinges on the crystal. By rocking the crystal, a reflectivity curve (the rocking curve) can thus be measured, its maximum occurring when the beam hits the crystal at the Bragg angle. For imaging, a certain reflectivity value is chosen, and the crystal is rocked to the corresponding position. Placing an object in the beam before the crystal causes the X-rays to be deviated from their path (refraction). The crystal functions as an analyser for these slight changes in direction. We used a double-bounce Si(1,1,1) crystal at 17 keV. For all samples, we acquired images at three different positions of the rocking curve, corresponding to reflectivity values of 50% at angles lower than the Bragg angle ('minus' side), 100% ('top', i.e. the Bragg angle) and 50% on the plus side. By processing these three images according to the algorithm described in [25] , we can extract an image that is purely due to refraction, whereas a single image (taken on one of the reflectivity curve's positions) shows combined phase and absorption information. For tomography, we acquired 720 projections at 0. From these images, three-dimensional volumes (either pure phase information or mixed phase and absorption) were reconstructed using the filtered-back projection algorithm [26] . The final (isotropic) voxel dimension was of 4.5 µm, although, as mentioned above, the effective resolution is approximately twice as much. Figure 1 shows a schematic representation of the CAXPCi and the synXPC set-ups.
(c) Image analysis
A software procedure (Matlab platform; MathWorks, USA) was developed to analyse both CAXPC and synXPC images and perform an automated threshold-based measurement of cartilage thickness as previously described [21] . Briefly, after binarization, the top edge of the cartilage and its inner boundary (delimited by the mineralized cartilage) was identified using an edged detection algorithm. Briefly, a set of points corresponding to the first and second change from zero to 1 (i.e. from background to tissue) along the vertical axis of the image were classified. These points, which were distributed along either the upper or the lower edges of the cartilage, were then connected by interpolation with the best-fitting polynomial curves in order to compose the solid lines demarcating the edges of the mask enclosing the cartilage region. These masks were then validated by comparing them with the regions of interest (ROIs) obtained by manually contouring the cartilage layer and a strong agreement was found [21] . For the planar CAXPC images, the thickness of the AC was then calculated using a public domain plugin for IMAGEJ software, called BONEJ, which computes the average thickness of the ROI enclosing the cartilage as the average diameter of the best-fitting set of spheres [27] . For the synXPC micro-CT datasets and the contrast-enhanced micro-CT datasets, a volume of interest was determined by centring two rectangular ROIs on the central region of the two condyles of the tibia. The ROIs covered 
of each tibial condyle). These regions coincide with the load-bearing regions in the tibial cartilage which are known to develop OA lesions in our mouse model. Moreover, as it is possible to computationally place these ROIs using the geometry and symmetry of each tibia, the computation of thickness and volume of the ROIs was performed automatically without the need for manual editing (which would have been otherwise required if the entire cartilage layer had been measured). For consistency, the cartilage thickness in the histological sections was measured in the same load-bearing regions with equally sized ROIs placed over each section (width of 500 µm).
(d) Histomorphometry validation
Undecalcified samples were processed for methyl methacrylate embedding according to a previously described protocol [21] . Briefly, undecalcified samples were sectioned at a thickness of 8 µm, and sections were stained with toluidine blue, which reveals the hyaline as well as the calcified cartilage in a dark blue colour and the bone tissue in lighter blue. Some samples were also decalcified, embedded in paraffin and stained with a haematoxylin and eosin/safranin staining protocol as detailed previously [24] . Safranin stains hyaline and calcified cartilage in dark purple, whereas haematoxylin and eosin stain bone tissue in pink and cell nuclei in dark blue.
(e) Contrast-enhanced micro-CT validation
Conventional micro-CT combined with a radiopaque stain for soft tissue was used as additional three-dimensional validation of the synXPC micro-CT images of the mouse AC.
The tibial epiphysis was incubated in a solution of 1% phosphotungstic acid (PTA) (a highmolecular-weight acid that binds preferentially to collagen) in 70% ethanol for 24 h as this procedure was previously shown to make the soft tissue of embryos stably radiopaque for conventional X-ray absorption micro-CT [28] . The tibiae were then scanned, within the same solution used for incubating the tissue, using a micro-CT scanner (1172 Skyscan, Belgium) with an isotropic voxel size of 5 µm (50 kV source voltage, 200 µA source current, 450 projection images, 590 ms exposure time for each projection image which was averaged four times, detector dimensions 2000 × 1048 pixels). The standard Feldkamp-Davis-Kress (FDK) reconstruction algorithm was used to generate cross-sectional images by means of the NRECON software package (SkyScan, Belgium). Images were compensated for misalignment, ring artefacts and beam hardening during reconstruction of images. To compensate for possible misalignments in the scan, the offset between the 0 • and the 180 • side projections was calculated automatically by NRECON software and an optimal overlay between the two projections was obtained prior to reconstruction. Ring artefacts, which may appear as a result of imperfections in the detector and cause concentric rings superimposed on the image, were minimized by randomly moving the object by a few micrometres throughout scanning [29] and by setting the ring artefact correction equal to 5 (as automatically set by the NRECON software) in the reconstruction process. To correct for beam hardening-which is a result of preferential absorption of low-energy X-rays on the surfaces of bone, leaving the inner portions apparently less dense owing to the fact that the remaining high-energy X-rays are absorbed less-the NRECON software applies mathematical corrections as documented in [30, 31] . In this study, beam hardening was reduced both during the scans by using an aluminium filter and in the tomogram reconstruction by setting a constant beam hardening correction factor of 25% in the NRECON software. from the three-dimensional reconstruction) of the mouse tibial epiphysis obtained by synXPC micro-CT enables the visualization of the cartilage interface in a (admittedly qualitatively) similar way to the image of the coronal section of rat tibial epiphysis obtained by CAXPCi ( figure 2b ). As can be seen, the cartilage in both images is clearly visualized, owing to a strong refraction signal coming from the interface. The bone trabecular structure left in the sample also seems correctly visualized, as is the growth plate cartilage. The two-dimensional morphological features were validated by histomorphometry (figures 3b and 4c) . In order to assess the sensitivity of synXPC micro-CT imaging to the detection of small cartilage lesions, a thin incision was then made by a surgical scalpel in the AC of the intact tibial epiphysis shown in figure 2a and then the sample was imaged again (figure 3a). The fissure-like lesion was very clearly visible in the synXPC image, and the presence of the lesion was confirmed by histomorphometry ( figure 3b,c) , at least within the constraints of being able to locate the same slice with two different techniques (it should also be noted that a small piece of tissue appears to have 'fallen over' the lesion, partially covering it near the cartilage surface, whereas a void remains underneath). We then imaged the tibiae obtained from mice that had OA induced in the right knee for four weeks by DMM surgery (figure 4). This early time point (four weeks post-surgery) for the severity of OA in the DMM model was chosen to determine the sensitivity of synXPC in detecting early OA features. The non-operated CTRL tibial epiphysis (figure 4a) appeared very similar to the healthy naive tibial epiphysis (figure 2a), and all features observed (e.g. intact AC layer, subchondral bone, marrow space) were validated by histomorphometry (figure 4c). Clear OA lesions were not found in the AC of the DMM sample (figure 4b), which is not surprising, given the early time point. The absence of superficial lesions on the AC of the DMM sample was confirmed by histopathology analysis (figure 4d). However, OA features, including a medial osteophyte and subchondral bone sclerosis, can be appreciated (figure 4b), and a reasonable confirmation of their presence is provided by the histological sections (figure 4d), notwithstanding the difficulties of isolating exactly the same slice in the two modalities. It is important to note the cartilage layer covering the medial osteophyte in the synXPC micro-CT images ( figure 4b and validated in figure 4d ), as this feature allows us to ascertain its osteophyte origin as opposed to a non-specific bone spur.
Results
Finally, the same samples imaged by synXPC micro-CT were also incubated in PTA solution in order to stain the soft tissues for conventional X-ray absorption micro-CT imaging. This ex vivo stain protocol provided an excellent visualization of the AC, which was easily segmented automatically from the background and adjacent subchondral bone ( figure 4e,f ) . Qualitatively, contrast-enhanced micro-CT images of the tibial epiphyses obtained from CTRL-and DMMoperated mice (figure 4e,f ) appeared consistent with the synXPC images ( figure 4a,b) . Quantitatively, automated three-dimensional image analysis showed that the AC average three-dimensional thickness (i.e. the thickness of the volume included in the load-bearing ROI on the medial side) was consistent between synXPC micro-CT (approx. 68 µm for CTRL and approx. 59 µm for DMM) and PTA contrast-enhanced micro-CT (approx. 65 µm for CTRL and approx. 55 µm for DMM, respectively). The average two-dimensional thickness of the AC (medial side) measured in histological sections was also consistent with the three-dimensional measurements (approx. 63 µm for CTRL and approx. 55 µm for DMM). Finally, the volume of AC (portion included in the load-bearing region) was measured in synXPC and gave the following values: for the CTRL AC, 0.033 mm 3 lateral side and 0.025 mm 3 medial side; for DMM AC, 0.033 mm 3 lateral side and 0.022 mm 3 medial side. Thus, both the thickness and volume of AC were found to be decreased in DMM compared with CTRL on the medial side but not on the lateral side of the tibia, indicating that synXPC imaging was sensitive to a reduction in AC thickness owing to OA (surgically induced on the medial side).
Conclusion
Our findings demonstrate that mouse AC can be visualized by high-resolution synXPC micro-CT, and that the image quality resembles that of rat cartilage imaged with the laboratory-based CAXPCi system, especially in terms of the mechanism that makes the cartilage layer visible (refraction). More detailed analysis over a wider range of samples will enable this similarity to be quantified and will help to define the requirements that a laboratory system should fulfil to enable the visualization of mouse AC, especially with regards to a CT extension which, as mentioned, was not available when this experiment was carried out but is now underway.
Our measurements of the mouse AC thickness imaged by synXPC micro-CT and PTA contrast-enhanced micro-CT were consistent and in line with other alternative three-dimensional methods (e.g. micro-CT with other contrast-enhancing stains or confocal microscopy) or histomorphometry measurements previously reported [32] [33] [34] . It is important to note that, different from most cited methods, both synXPC micro-CT and PTA contrast-enhanced micro-CT allowed a completely automated segmentation, owing to the high contrast achieved between the cartilage edges and the background or adjacent bone. One limitation of our study is that we used split joints (only the tibia) instead of the whole intact joints. However, the purpose of this paper was to provide evidence for the concept that CAXPCi can be potentially used to image mouse AC and therefore we focused on imaging hemi-joints where the exposed cartilage was the only relevant soft tissue. This approach also allowed us to develop automated image analysis (hence quantitative) to measure the geometry of the imaged AC (i.e. specifying automatically the edges of the AC and using standardized ROIs over the load-bearing regions of the tibial condyles).
PTA contrast-enhanced micro-CT provided a valuable three-dimensional reference (at comparable isotropic voxel resolution) to validate synXPC micro-CT images. To our knowledge, PTA has never been used before specifically as a contrast agent for imaging adult mouse AC by micro-CT, and this study shows that it is a very promising method for rapid ex vivo assessment of AC structures and lesions.
Our visualizations and quantitative results are also in full agreement with a recent paper which represents the most accurate imaging of mouse cartilage in three dimensions reported so far [35] . In this study, Ruan and co-workers used one of the most advanced commercial micro-CT scanners (which combines absorption and phase-contrast imaging modalities) and imaged mouse AC, pre-stained with osmium tetroxide mixed with ruthenium hexamine trichloride and cacodylic acid, at increasingly higher resolutions (10, 4, 2, 1.5 and 0.5 µm). Although highly accurate and informative, their approach required extremely long acquisition times (e.g. 17 h for the acquisition of approx. 2 µm resolution scans), which, combined with the use of toxic contrast agents, makes their method unsuitable for high-throughput assessments or in vivo imaging.
Our current proof-of-concept result is important because: (i) it gives promising indications on the potential for a higher resolution laboratory-based CAXPCi system to resolve mouse AC ex vivo in three dimensions without any contrast agents. The fact that the resolution in the synXPC system was approximately twice that of the CAXPCi system would suggest that this could be within reach, although more detailed analysis (e.g. quantitative comparison between the signalto-noise ratios obtained with the two systems) and tests are still required before firm conclusions can be drawn. (ii) In the longer term, further improvement in the CAXPCi system may lead to a new generation of CAXPCi micro-CT scanners, which could be used for in vivo longitudinal pre-clinical imaging of AC at resolutions impossible to achieve by current MRI technology. Notably, given the proven difficulties with contrast-enhanced micro-CT imaging of the mouse AC in vivo, X-ray phase-contrast micro-CT seems to provide the most valuable potential solution to bring the mouse model of OA to the next level in terms of throughput and translational applications. Some degree of promise in this sense is given by the fact that our preliminary studies on rat cartilage with the laboratory-based system were conducted at acceptable dose levels [21] ; however, the main challenge will consist in being able to maintain comparable dose levels in the three-dimensional implementation of a system with at least twice the resolution. 
